Introduction
Evidence of an existing Global Electrical Circuit (GEC) affecting the Earth's electric environment was first observed and recorded by the Carnegie cruise expedition (1909e1929), with the globallysynchronized diurnal variation of the Atmospheric Electric Potential Gradient 1 (PG) becoming known as the Carnegie Curve [1] . This general curve, which is defined as the average daily evolution of the PG measured at different locations in the Pacific and Atlantic Oceans, results from measurements that were remarkably similar. The observations performed show that the curve is characterized by having a minimum around 3 UTC (~111 V/m) and a maximum around 20 UTC (~156 V/m). Since early publications, e.g. [2] , the Carnegie Curve became central to Atmospheric Electricity, being frequently used as a state of reference. This practice results from the close relation between the daily variation of the Carnegie Curve and the global thunderstorm activity, as initially observed by Ref. [3] . Such relation was interpreted as the first evidence of an existing GEC, supporting previous studies [4] . In a simplistic description, it is believed that thunderstorm activity charges the Ionosphere (in disturbed regions), which is discharged by an electric current (from the Ionosphere to the Earth's surface) through the weakly electrically conductive atmosphere (in fair-weather regions), forming the GEC. Near to the Earth's surface this electric current generates a vertical electric field that is often refereed as the potential gradient (PG). Thus, if local influences are avoided (as it was the case on the Carnegie cruise expeditions) PG curves in different locations would tend to have a similar behaviour as ruled by the GEC. The GEC is sensitive to global thunderstorm activity, which makes it a proxy for such activity. As a consequence of the aforementioned points, since its discovery several works have been dedicated to the study of the GEC; mainly to its relation with Earth's climate [1] . As a matter of fact, in recent years a renewed interest in GEC appeared as a consequence of finding a link between the variation of lighting distribution and the El Niño-Southern Oscillation (ENSO) [5] . Moreover, it was observed [6] that a close correlation between the ENSO and lighting activity was apparent during each individual season of the year (from 1996 to 2013). An increase in lightning in the Eastern Pacific near the Americas coast (June, July and August) was found, being more significant near the equator (September, October and November). If the ENSO affects lightning it also affects GEC; in fact, another study considering measurements carried out in Scotland [7] showed a response of atmospheric electricity to ENSO. Results demonstrated that the mean GEC was characterized by an increase and a decrease during the "El Niño" and "La Niña" phases, respectively [7] . Due to all this interest, significant efforts are being made in GEC research in order to find suitable locations to capture global signals from the GEC while overcoming signals from local electrical activity. Such studies include: Indian Ocean [8] , Antarctica [9, 10] , Himalayas [11] , Southern America [12] and Negev desert [13] . Contributions have also been given to the understanding of the GEC variability, e.g. [14, 15] , including the development of numerical models, e.g. [16e18] and aircraft measurements [19] . Such models require measurements of the atmospheric electric field in well instrumented locations to nourish the modelling as much as possible with parameters that characterize the atmospheric and boundary layer systems (e.g., aerosol load, wind vector, air temperature, air relative humidity, atmospheric pressure, nebulosity).
As part of the GEC research effort, the present authors initiated a five-year PG measurement field campaign at the ARM Eastern North Atlantic (ENA-ARM) Facility [20] . This is the first time that a campaign is realized in conditions which are meant to resemble the ones of the Carnegie cruise expeditions, but allowing for longer and continuous measurements to be made. ENA-ARM is located at Graciosa Island of the Azores Archipelago and constitutes a strategic observatory for Atmospheric Electricity. Since the ENA's facility is located in the Atlantic Ocean basin, atmospheric measurements will be exposed to clean marine conditions and thereby will have a reduction in the well-known signature of anthropogenic pollution, [21] . In fact, clean areas, in which natural and anthropogenic aerosols are substantially reduced, are excellent for the study of the GEC, since PG measurements are not affected by such air particles, allowing the measurements to show the signature of the GEC itself. This should be the case of an island, as it is for Graciosa, in which the influence of continental aerosols is almost negligible. This research project stands as an initial contribution to the understanding of the evolution of the GEC regarding the network effort on putting together different measuring sites in Europe (COST Action 15211, Atmospheric Electricity Network: coupling with the Earth System, climate and biological systems).
The present work describes in detail the campaign by addressing the first year of PG measurements (starting on April 2015) and presents its initial results with several insights into local and global influences. The remainder of this paper is structured as follows: Section 2 describes in detail the measurement campaign. Results and discussions are given in Section 3, while conclusions and future work perspectives are presented in Section 4.
Description of the campaign
The Graciosa Island of the Azores Archipelago is located at 39 5 0 29.68 00 N, 28 1 0 32.34 00 W (Fig. 1 ) and is situated in the northwest tectonic structure known as the Terceira Rift, which contributed to the shape of the island (12.5 km long by 8.5 km in wide). The island comprises several active volcanic features including a wellpreserved volcano with a caldera (with a diameter up to 1.6 km and a depth of 270 m) in the southeast tip of the island that resulted from a collapse. Other structures in the island have been shaped by the local tectonics such as cliffs, escarpments and reliefs punctuated by several volcanic cones. The island geomorphology results predominantly from low explosivity volcanism which started approximately 6 hundred thousand years ago due to the faults that transverse the area. During the formation of the Graciosa Island, sheets of pumice were layered, along with sub-aerial deposits which resulted from the low explosive basaltic eruptions. Further details concerning the island geomorphological evolution can be found in literature [22] .
The ARM Eastern North Atlantic (ENA-ARM) facility is located in the Atlantic Ocean basin (marked as a red dot depicted in the globe of Fig. 1 ). The ENA facility measures a wide range of different meteorological parameters ( Table 1) that play a crucial role in atmospheric modelling and could be of interest to GEC research. The field-mill used for the local PG measurements is a JCI 131F and is installed at 2 m height above ground (~31 m from sea level) and at a horizontal distance of 500 m from the seashore. As commonly performed in PG measurements [23] , the field-mill used is a JCI 131F (Chilworth, UK), being calibrated in December 2013. The device was installed at 2 m height above ground (~31 m from sea level) and at a horizontal distance of 500 m from the seashore. This device was developed by Dr. John Chubb and recent work revealed a flat spectral response up to frequencies of~100 Hz [24] . A rate of one second sampling was used, with 1-min mean and standard deviation being performed. A SOLYS2 Sun Tracker (from Kipp & Zonen) is installed near the PG sensor to perform a complete solar monitoring, allowing the recording of the three components of the local solar irradiance (i.e., direct normal, diffuse and global horizontal irradiances). Additionally, the Aerosol Robotic Network (AERONET, https://aeronet.gsfc.nasa.gov) station, also located at Graciosa Island, is used to perform spectral aerosol optical depth (AOD) measurements, which measures the level of solar radiation extinction due to aerosol load present in the atmospheric column.
The instrument used to measure AOD is a multiband spectrophotometer CIMEL CE-318-2. In the following, only the 440 nm wavelength is analysed due to its sensibility to particles with volume radius lower than 0.5 mm (aerosol fine mode). Additionally, other atmospheric and boundary layer measurement equipment are also available nearby the installation site (see Table 1 ).
Results and discussion
An initial assessment of the first year of measurements, starting on April 1st, 2015, of the PG in the Graciosa Island is depicted in Fig. 2 . It should be mentioned that results discussed in this section are unrepresentative of a long term change due to the fact that the time series only comprises one year, but are still representative of short term phenomena due to the same nature of PG measurements [12] . Even though, many studies have found consistent/ robust results in atmospheric electricity with shorter time series. The raw data of the PG (Fig. 2a ) is presented and, in terms of clarity in the representation, the data is restricted to the range [0, 400] V/ m (only~3% of the data is neglected) and the correspondent statistical details are shown in Table 2 . A high variability characteristic of these type of measurements is observed. These oscillations can occur due to a number of local factors such as nebulosity, rain, strong winds, space charges, and even nearby insect or bird activity. This reflects the high sensibility of the measuring equipment and for that reason only data that comprises fair-weather (FW) days will be used further in the analysis. FW days are determined on the basis of the nebulosity index (further defined below). Moreover, in Fig. 2a , a lowess smoothing curve (solid blackline) is added to the plot, as well as the PG monthly average values which depict well the yearly variation of the PG. Contrary to what is observed in urban environments, i.e., a tendency for lower PG values in the summer [21] , no clear annual tendency is observed in Graciosa with the lower monthly PG value being found for January (~64.4 V/m) and higher on October (~102.8 V/m). Monthly PG variability (inset in Fig. 2a ) does seem to have some degree of seasonal tendency with summer months having lower standard deviation (STD). Nevertheless, lower STD values are found on February (~38.8 V/m) and higher values on September (~472.3 V/m). For the sake of clarity, seasons are separated as: spring that comprises March, April and May (MAM); summer that includes June, July and August (JJA); autumn that contains September, October and November (SON); winter that involves December, January and February (DJF). These definitions will be used further on.
Generically, different hypothesis may be given to explain PG variability throughout the year at Graciosa, both from local and global nature. Among the local phenomena that might affect the PG are: (1) the atmospheric electric field which can be charged or discharged due to the reduction or increase in the air conductivity, respectively; (2) the influence of clouds, as these are charged and tend to increase the PG [25] . The first hypothesis considers the variation of the air conductivity, which can occur by four different mechanisms: (i) variation in the concentration of small marine ions brought by the sea breeze [26] , since the measurements are performed close to the sea (~500 m); (ii) the generation of spacecharges due to the burst of water droplets by wave splashing, the so called balloelectric effect [27] and references therein; (iii) variation of the local ionization by the variation of the emission rate of natural radioactive gases, mainly radon [28] ; (iv) reduction or increase of the small ions concentration by an increased or reduced scavenging of the existing ions by water droplets and hygroscopic particles [29] , respectively. In terms of global effects, the PG values tend to increase or decrease as a result from an addition or reduction in the charging of the GEC, respectively, by the generators, mainly lightning. Although the present results do not show a clear seasonality of GEC, the work of Tacza and co-authors [12] give support to the present findings. The authors presented a three-year analysis of PG data in South America stations, observing that the average daily shape during a month, season or year repeats similarly for different years. This is somehow contradictory with the seasonal variations observed on the Carnegie expedition data [1] .
Moreover, the analysis for the diurnal variation shows that the PG can be affected by different factors throughout the day. The criteria applied for the selection of the FW days was established on the nebulosity index (K n ) which is defined as the ratio between the diffuse (E d ) and global (E g ) horizontal irradiances (Fig. 2b) :
where the index typically goes from 1 for overcast-sky to~0.2 in clear-sky conditions. Eq. (1) is a simplification of the Perraudeau nebulosity index [31] . The obtained 1-day K n is depicted in Fig. 2c .
To apply the nebulosity index in the FW selection, a number of different K n were taken into account (Fig. 3) . The results show a diverse number of FW days (Table 3 ) and the corresponding average daily PG for each K n obtained are shown in Fig. 3 . The nebulosity index that was selected for further analysis was for K n < 0.4, as a trade-off of a statistically representative sample (28 days) and a smooth variation of the average daily PG curve (low relative standard deviation). PG curves for K n < 0.5 and K n < 0.6 are not suitable for our FW criteria since they show sharp oscillations between 4 and 6 UTC that might be attributed to disturbed weather conditions. Additionally, an inset with the relative standard deviation (%) for each PG curve corresponding to different K n is also ) and the (c) Nebulosity Index (K n ) in the Graciosa Island. The solid black line in (a) represents a lowess smoothing curve over the data while the solid red line with dots represents the PG monthly mean values in which the respective standard deviations are depicted in the inset plot. The purpose of the defined PG interval is to remove outliers that would difficult data visualization. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) depicted in Fig. 3 , as it was obtained through:
The small plot in Fig. 3a shows that the selected nebulosity index (K n < 0.4) is the one that presents the best combination between a low relative standard deviation (i.e., a smooth variation from the mean value) and significant statistical samples (in this case, 28 FW days). The statistical details of FW PG are given in Table 2 .
A deviation from the Carnegie Curve is observed in the FW PG daily mean curve: lower values with a more pronounced increase in the late morning hours (7e10 UTC) and a smooth variation during the afternoon. Additionally, a correlation of~0.71, with a p-value < 0.0001, was found between the selected Graciosa PG curve (marked in black) and the Carnegie Curve. The overall lower PG values, as compared with the Carnegie Curve, could be either related to instrumentation or to local effects. One of them is the ionization created by natural radioactive gases (radon) that is present in land territory, but absent in the ocean environment. It is commonly accepted that the two main sources of atmospheric ionization are cosmic rays and radon, and to this it can be added the breaking of waves near the seaside [32, 33] which is the case of Graciosa Island. In fact, being a volcanic Island it can enhance radon migration from the Earth's surface [30] . These co-located measurements of radon are currently under operation and future analysis will consider both radon and PG together. In the case of measurements in the open ocean like the ones performed by the Carnegie [1] and other cruises [34] , the only source of ionization is cosmic rays and for that reason lower air conductivity is observed in such conditions [34] and, as a consequence of Ohm's law, the PG values are higher. The presence of natural radioactivity is possibly one of the main differences between the conditions in which the Carnegie Curve was measured and the measurements made in Graciosa Island. Another possibility is the presence of marine ions, as the Carnegie Curve results from measurements taken aboard ships, where there were no breaking waves, contrary to Graciosa where waves break all along the coastline, allowing the generation of many marine ions. These ions are highly mobile and tend to discharge the local electric field by increasing air's conductivity. This effect has been reported by Ref. [32] which observed that when the wind direction came from the sea there was a greater influence of marine air leading to an increase of the air conductivity.
A closer look into the data, having in mind the size of the current time series, the same nebulosity index criteria was applied and divided into seasons: spring (MAM); summer (JJA); autumn (SON) and winter (DJF). This way, it was found the existence of 8 FW days for spring, 14 FW days for summer and 6 FW days for autumn and none for winter. The mean daily PG curves and corresponding Carnegie Curves (CC) (obtained from parameters estimated by Ref. [1] ) for each season are shown in Fig. 4a , b and c. In these plots, it was added the mean daily AOD behaviour for the corresponding days of FW used in the PG calculations for each season. Generally, the summer tends to show lower values of AOD coinciding with a better agreement between the PG and CC curves on this season. This could be indicative of the role that aerosols, as a local effect, might have in the deviation of the measured PG from the signal imposed by the global modulation of the electric field as uttered by the CC.
Comparing the PG curves in the three seasons, it is seen that they have a similar behaviour showing the expected minima at dawn and the maxima at the evening (in conformity to the minima and maxima observed in CC for each season). The small contrasts observed are probably due to the fact that the PG measurements at Graciosa are more sensitive to thunderstorms in America, Europe Table 2 Maximum, minimum, mean, median, standard deviation (STD), skewness, kurtosis, and number of days for PG raw and fair-weather (FW) data. and Africa than in Asia and Australia. In the first three regions, thunderstorm activity tends to have its minima later in comparison with the last two ones [1] . In terms of the daily PG maxima, they occur at 18 UTC in spring (second dashed line in the plots), 19e20 UTC in the summer (dotted line in the plots), and 18e19 UTC in autumn, this is approximately one hour earlier than the CC references that have their maxima at 19e20 UTC, 21e22 UTC and 19 UTC, respectively for spring, summer and autumn. This shows that the seasonal change in the time of occurrence of the afternoon PG maximum at Graciosa is consistent with the change of the maximum of the CC references (Fig. 4a, b and c) ; though the CC maxima occur around one hour later. The fact that PG maxima are recorded earlier in Graciosa Island, relates also the possibility of the proximity to the European and African continents, which thunderstorm activity peaks are attained around 13 UTC; while the American thunderstorm activity peaks around 19 to 20 UTC [1] . In this context, the effect of the strong 2015 El Niño, should help understanding the seasonal change in the time of occurrence of the PG maximum at Graciosa. In Fig. 5 , large positive weekly sea surface temperature (SST) anomalies in the Eastern Pacific, Niño 1 þ 2 (0e10 South, 90 e80 West) and Niño 3 (5 North-5 South, 150 e90 West), are clearly identified for 2015. The SST anomalies are depicted with a strong increase during the spring (dashed vertical line) and summer (pointed vertical line) months. The ENSO data from January 6th, 2010 to July 27th, 2016 here presented was retrieved from NOAA's website (www.cpc.ncep.noaa.gov). El Niño is known to affect the global distribution of thunderstorms, shifting eastwards the Pacific thunderstorms, increasing the relevance of the American thunderstorms peak in Graciosa Island. In fact, there is a growth in the intensity of thunderstorm activity between spring and summer over North America [35] which results from the ENSO strengthening that has been happening since 1996. Comparison with La Niña years will be done in the future.
Raw
On the other hand, the first vertical dashed lines mark the observed PG increase during the morning (around 9e10 UTC) for the three curves in Graciosa, but not observed in the Carnegie reference curves that show a smooth increase from the dawn minima to the evening maxima. This deviation of the diurnal Graciosa PG from the CC during the late morning is difficult to interpret in the context of the GEC. Such deviation is expected to be due to near-surface aerosol generated in the island after sunrise which would reduce the air conductivity in the morning. In some respect, this is a common feature to inland stations in which it is often observed a double maximum: (1) in the morning, due to the rise of near-surface aerosols; (2) in the evening, due to the GEC. This behaviour is particularly clear for the spring and autumn PG curves in Graciosa, Fig. 4a and c. Nevertheless, the mean AOD values for that time (9e10 UTC) of the day are low (0.15, 0.08, 0.15 for spring, summer, autumn, respectively) corresponding essentially to clean aerosol conditions according to the definition given by Ref. [36] : AOD (440 nm) < 0.12. More interesting is the fact that in the period from 10 UTC to 16e17 UTC, while there are relatively high values of AOD, the PG seems to suffer a reduction. In fact, there seems to be an AOD peak (13 UTC in spring and 15 UTC in summer and autumn, reaching 0.65, 0.15, 1.65 respectively for each season) accompanied by a PG minima one to three hours later (16 UTC in spring, 17 UTC in summer, and 16 UTC in autumn, with PG values of 107.7, 98.9, 81.4 V/m, respectively for each season). Since the AOD data has large standard deviations (not shown here), its relevance to the PG analysis should be made with particular care. Nevertheless, the one possibility that can be thought to explain these observations is that the AOD measurements are recording aerosols mixed with some sort of charge carriers (which are not accessible to AOD). That would tend to increase the atmospheric electric conductivity (reduction of PG) and balancing the aerosol effect that tends to reduce the atmospheric electric conductivity (increase of PG). Since the measurements are made in the seaside, and according to the observations made in similar sites [32, 33] , the influence of marine ions can be hypothesised in order to explain these observations. Several studies can be found in literature dedicated to the formation of space-charge distributions (essentially the unbalance between positive and negative small ion clusters) at seaside locations water molecules while remaining in the atmosphere, these ions have high electric mobilities and should, for that reason, increase the atmospheric electric conductivity and, as a consequence of Ohm's law, they should therefore reduce the PG [32] . For this to explain the reduction of the PG while observing a peak in the AOD means that the concentration of marine ions has to be significant. A simple estimation of the amount of space-charge needed for the observed PG minimum can be made for the autumn using the Carnegie value as reference (141.9 V/m) and the measured PG (81.4 V/m) at 16 UTC. The difference of the two values is~60.5 V/m and, if attributed to the space-charges created by the marine ions, it allows the use of Equation (8) which is a very reasonable value [41, 42] . Taking into account that waves break all along the seashore in the island (with a power around~20e30 kW/km of wave front) it is easy to understand that those marine ions are constantly being sprayed to the atmosphere. The concentrations can be higher in more convective situations as it is the case for the midday. The same happens for marine aerosols, explaining the midday AOD peak. Even though, the effect of the marine ions on the PG should be prolonged since these ions have large characteristic times of recombination (well above the~20 s for polluted regions) as this is a very low pollution environment. After 19 UTC, the AOD is again below or near to the 0.12 threshold for clean aerosol conditions and the GEC signal is recovered as it is revealed by the evening maxima in the PG curves for the three seasons (Fig. 4a, b and c) , as previously discussed. Unlike the Carnegie cruise expeditions, which were entirely ocean-based, Graciosa is an island so it will experience wave-break and wind-blown aerosols and ions in the immediate vicinity of the electric field mill (~500 m from the shore). This means that the local effects of increased aerosol and ion concentrations after sunrise until sunset are still observed, causing the PG to depart from the GEC signal and approaching it to an inland situation. Still, before sunrise and after sunset, the PG at Graciosa tends to reproduce the CC behaviour very well, making this period suitable for GEC research.
Conclusions and future work
For the first time, measurements of the atmospheric electric field have been carried out at the ARM-ENA facility in the Graciosa Island (Azores archipelago) as part of a network effort for the study of the Global Electrical Circuit variability. Results show that under fair-weather conditions, the island's Potential Gradient is locally affected by marine air which tends to alter the diurnal Potential Gradient away from the Carnegie towards that of what is seen at land sites. On a global scale, the Graciosa Island appears to be a good place for the study of the GEC as signatures of large scale systems such as the ENSO that is apparently observed in the seasonal changes of Potential Gradient. In short, the Potential Gradient in Graciosa Island tends to be in an intermediate situation between an inland station and a cruise station, showing similarities and discrepancies between the two cases. Between sunrise and sunset, it approaches inland stations whilst in the remainder it approaches the cruise stations.
